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Pressure-dlstri.bu*iontests

BY COMPRESSIBILITY

chary . , “

of six ?TACA16-series

.

.

propeller sections with l-foot chords were conducted in
the NACA ~-foot high-speed tunnel ta determine the
compressibility effects on peak seotlon pitching-moment
coefficients. The data are presented as curves of peak
section pitching-moment coefficient against Mach numbers
thickness ratio, and camber.

The peak nltching-moment coefficients were found to
occur In the regions of positive and negative stall. For
these conditions, especially for the thicker airfoils
and in the region of positive stall, the critical speed
occurred at Mach nWber8 as low as 0.30 and marked
changes of the peak moment coefficient occurred at
Mach numbers as “lowas 0.53. Increases in thickness and
camber were found to accentuate the compres?ibllity
effects on peak moment coefficient.

..

INTRODUCTION
..

The problem of the excessive twisting moments
developed by propeller blades and the consequent failure
of pitch-control mechanisms have aroused interest in the
factors contributing to these twisting moments. One of
these factors is the aerodyhamio pitching moment of the
propeller-blade sections.

*
The conditions encountere~ on the blades for normal

propeller operation are bracketed between positive and
negative stall. The condltlon of positive stall is

“. associated with take-offJ climbs and pull-out; and
negative stall mtght be associated with dive and dive
entrye

L
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The general effect of compressibility on the pitohing-
moment coefficient Is shown in references 1 to 3, but the
range of angle of attack tested Is qot sufficient to
include the conditions for maximum mdments. Some moment
data are available for sections desi

r
ed to delay adverse

compressibility effects (reference 4 , but again these
data are limited to conditions below the points where the
maximum values, both positive and negative, of the moment
coefficient are reached. Further limitations of the
tests of’referenoe 4 are ‘thatthe Reynolds numbers are
lower than for the present tests and the tunnel-wall
effects resulting from the larger ratio of model size to
tunnel size are larger. Because OP the importance of
compressibility effects on airfoil characteristics, a
detailed investigation of these effects is being conducted
by the NACA. The present report Inoludes a part of the
data obtained from tests “conductedin the NACA 8-foot
high-speed tunnel on several airfoils cover;% ~a~ae-
sentatlve ranges of thickness and camber.
obtained in the present investigation constitute an
extension of’the results of reference 4, and part of the
data were obtained to study the effects of the differences
in the test conditions previously noted.

Use of l-foot-chord models gave practically full-
scale Reynolds numbers and reduced tunnel-wall effects.
Use of pressure-distributionmeasurements in the central
spanwise region of the models, whl.chspanned the tunnel,
gave practically two-dimensional results. Particular
emphasis was placed on pressure-distribution tests rather
than force tests because the type of phenomenon that
occurs is more clearly illustrated. The Mach number
range extended from 0.12 to 0.68.

AP~ARATUS ANllMETHODS

The NACA 8-foot high-speed tunnel,in which the tests
were carried out,is a single-return circular-section
closed-throat tunnel. The airspeed Is continuously
controllable from about 75 to 550 miles per hour. The
turbulence of the air stream, as indicated by transition
measurements on airfoils, is unusually low but somewhat
higher than that of free-air.

SIX models having NACA 16-209,
16-515, and 16-715 airfoil sections

16-509, ~6-?09, 16-215,
of l-foot chord were
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.. .. . investigated. .Tblrty pressure orifices dietrlbuted along
the cho~d were lo~at~dkt “practicallythesame ,spanwlsa-
station at the center d the air stream. The airfoil
profiles and orifice locations are shown in figure 1.
The airfoil ordinates wore calculated by the method

. described in reference ~.
.

The model, when mounted in the tunnel, completely
spanned tke jet (fig. 2j. Except for auxiliary streamline-
wire bracing, reqlllredby structural considerations, the
standard NACA 8-fa~t hi@-s~9~d tunnel mounting and setup
were employad. Tests at low ar.dmedium speads with and
without braces !ndicated that int~rference of the
auxiliary sugport~ cn the flow at tb.emeasurement station
was negligible.

Msamr=mnts were nade, I’m the most part, af the
chordwlse pue~sure dist~ibut’.ona: tk.emidapan region.
TIEIsur?ace ouif’iceFin zhe a~.rfsllwere connected to a
multiple-tuDe r.anmncterlocateG outside the kest section.
The pressure tuhln~ c~n~ecting the orlftces was of small
dlazeter and WAS located wit?tn the wing. Simultaneous
reccrdir~s of the ;ressln’es&t ali ori~lces in the wing
were made by photo~rapting the multiple-~ube manometer,

Tim Mach nwmher r.nnCew-tcmded from C.12 to 0.69.
The Remolds nwbsr ran~e s: the tests and the variation
of the Reynolds riu~.berwith ?!~chnuwber cre shown h

EESUL’IS

:n this rep~rt are in the form
of dimensionless coefflclants. -

a angle of’attack, degreas

M Mach number

Cz section lift coeff’lcient

% section pitching-mon.entcoefficient

P pnessure co~fficient

(

Lacal static measure - .?ree-streamstatic

)

pressure

;P$

—.
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t/o thidcness-ohord ratto

M
cr critical.llachimulber,C’ef’inedas the value Of

free-stream :;achnum’berat which a l!aohnuzzber
of l.O Is first attained.at any point Iil the
flow fj-eld

R “Reynolds nuuber

Subscrf.pts:

Cfl} about quarter-ckord Lzi.s

cage about center-of-~ravlty LYIS

Illazinnm

Deteminstimn of the Iocatton of?the center of
gravity of a lar~e nunber of this series OF airfoils
Indicates tinatthe :Jeneliale;~~res~ioilfor center-of-
gravit~ location of a hcmm-onoous seotton is

‘Cege = 0.4:!1:. x chord
.

A samle nlot of the variation with an~le of attack
of the lif’~coei’f’iclmtQildthe pitchin~-lzonontcoef-
ficieiltsatioutthe qum?t3r-cl:oi’Cl cnd center-of’-gravi-tiy
ayes for t:kmairfoil sections ra-yxted A3i’ehl is Given
in fi.umre)!-O‘~llusedata are i90~ t2e ~~;ACA16-50$ airfoil
at a Xach amber of’OC~j. IXm vcluas ol’lift and mo~~ent
ooe~ficients were ~.etermlnetby inte’;ratioilof the
ilormal-pres3ure distribut:-on. AiIalysLs:-assham that
up to the value of m.axkurllilt cosl:ic~eat the normal-
force coei’flciontaad the lift coefi’icienhare essentially
the sue.

Peah values of 2or1entcoe2t2cient for all the air-
foils at al?!values of .‘acIhn;.viam’tested were determined
from plots simtlar to figure L}, The values referred to

“ are t3.2sef’a.as ~’oeak:m:mat coefficients - which the
slop; of the iiionontvariation with an~le of attack is
zero. Iii&hervalues rmy W obtained beyond the stall,



!Chemoments taken about the quarter-chord point am
of Interest in wing des~ beoause this point has olosely. . .\ -approxlrnate,dt@ aerodymmio oenter of the older con-
ventional alrfdlsm Consideration of the.mometis about
the oenter-of-gravity @s enters into propeller dbslgn, ~
for whioh the sections reported herein were primarily
developed.

The variation of the peak section moment ooef-
fioients about the quarter-chord and center-of-gr&tiety
axes with Maoh number is presented in figure 5.
soatter shown by some of these results is a oonsequenoe
of the unsteady flow in the stalled region. ~ dash-
line mrves I.nfigure 5 were obtained bymultlplyhg the
value of the moment coeffioi?nt at M = 0,20 by the.——
Glauert-Aokeret relation l/v~ - g. This relation 1s
not strictly applicable because the angle of attack is
not constant and booause the flow departs fmm potential
flow in the stall region.

Pzwssure-distributiondlagrams for the NACA 16-715
airfoil at an angle of attaok of 60 for Mmh n-iers @
0.25, 0.53, and 0.(5J+am given in figure 6. These data
illustrate the changes in chofiwlse pressure load distri-
bution over tho upper surface of the airfoil as affected
by inorease of Mach numbsr. No important changes in the
pressme distributions ovor tha lower surface were found
near the stall within the Mach number rango tested.

l?lgure 7 is a comparison of’the pressure distri-
butions in the negative stall re ion at Maoh numbers

fof 0.25 ~ 0.60 ovor the NACA 1 -509 ~d 16-515 alrfoll
seotlons, whioh have the same doslgn oambor and different
thickness.

In order to illustr~.tethe variation of peak moment

ooeffiolent with thl.dmess ratio, n oross plot of the
data given in figures 5(a) and 5(b) f~r the two airfoils
cambered to give Oz = 0,2 at an angle of attack of 0°
Is presented In figure 8 for three values of Maoh number.

“ In order to illustrate the effect of camber on the peak
moment coofficlent, a similar oross plot for the two
thicknesg ratios tested Is presented in figure 9.

A comparison of the pressure dlstributi.onsof’three
differently cambered alrfolls is presented In figure 10
for the NACA 16-209, 16-50g, and 16-70g seotlons at an
angle of attack of -6° d Mach numbers of 0.25 and 0.60.
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. . .Thesedata,. as presented, have not been oorreqted
for wind-tunnel-wall imterferenoe. An analysts, however,,“..-
-has been made of these effects aocordlng to-the-methdds

‘ of reference 5 whiqlqgave the followlng msxlmum..
oorreotions: ““

Maoh (
Lift

Mcumnt - ~—
number oceffiolentomfficlont attaok

Ikeign Ler38thanLeesth8n -0.002 Ia8athan Lessthan
llft- 1 ~roent -1.percent 0.0001 * .O1°

Hi@
liftran@

1 ~roent -2peroent -0.002 (3.001 to .05°

& a .

The method of conectlon used has only aualitattve
application at high values of lift ooefficielitand super-
critioal values of Mach number. The corrections obtained,
however, give a good estimate of the order of the inter-
ference effects.

DISCUSSION

Variation of Mo?mnt Coefficient with Angle of Attaok “.

The varl.ationof moment coefftoient about the
quarter-chord axis with angle of attack, as shown by the
sample data of figure L, indicates that the aerodynamlo
oenter is appreciably forward of the quarter-chord
btation. The peak values of monmnt ooeffictent are shown
in this figure to occur !n the region of positive and
negative 8ta11. The angles of attack at which the peak
lift and moment coeffloients oocur (table I) are found,
in general, to agree withim 3° with a few scattered
variations as high as 6° in the region of negative stall,

Variation of Peak Moment Coefficient with Mach Number

Suboritioal region,- The comparison shown In figure 5
of the variation or moment caeftioient with Mmhn umber
and the Glauert-Aokeret theoretical variation based on
the moment coefficient at a Wch number of 0.20 shows
olose agreement with the data in most instances, ati in

.=.
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no ease does the dieagreemnt exoeed a value Qf moment
..~oefficient”of 0.020,. .b tlmcmetioal varlatlon is not
applt”~abld‘beyond-theoritloal M@ -number %VS me .
terndmatton of the .theoretioalvariatlohs-in”fY.&rti-5“
therefore indioates the oritioal llaohnmer for peak
Condltton.“

&e higlhervalizm of critloal ~oh number obt~ned
for the thinner of b~ airfoils tested are not In

. . . .oonformity With the We orettoal results for this series
of alrfoils. At angles of ~t@ok considerably different
from the design angle, the tbeoretlcal pressure distri-
butions for tho thlnrmr airt’oilsIndtoate lower orlticsal
speeds than for the thicker airfoils, beaause the sharper
leading od~s of the thinmr alrf’cIilBthan cause .hlgher
superstream v9100itieso Au a consequence of the steep
pressure-roc,overygradients associated with these s~er-
stream velocities~ so~uratlon IS believed to be induoed
which prevents vhe atttiirtmcnto!?the superstresm velocity
indicated hi the~r~, TW ~eparatlon phenomenon thus
raises the critfCS1 speed of the thinner airfoils to .
appreciably higher volI.~esof l?~chnumbor than Indicated
by theory. . . .

S~xeroriticnl ra?lon.- Relntively large, abrupt
chmgos In the vfl-?~of pea% moment coefficient with
Mach number aro found to occur in the stall regions for
the thick highly cambered alrfctl, as shown in fi.~re 5(e)
for tim NACA 16-r(15airfoil. Tho increments In moment
coefficient are ohcwn to be betveen”0.025 and 0,10.

For the thinner highly cambered NACA 16-70g air?foil,
a similar abrupt Change-is-shown In the curve-for the -
moments taken ibuut tfiecenter of gravity In the positive
stall region, but no corresponding oh-e in the moment
tnken about the quarter-choti axis is mchlblted. This
CH.fferoncein moments taken about the two axes is a
oonsequenoe of a change in the magnitude rather thsm in
the dlstribution of tho IIft. No abr@t ohanges occur
for the airfoils havi~ lower onmber In the range tested.

The fundamental pressure-distribution changes WIth
Maoh number that occur in conjunction with the ohsnges
in moment coeffto~ant are shown in ~gure 6. me charao-
terfstio low-speed pressure distribution is shown fa a
Mach number Of 0.25. At a Mnoh nuniberof 0,53, 100al
supersonic flow has been atta%ned over the leadlng edge.



This oondltlan gives rise to incipient shock and lt may
be noted that, altho
,hSn@~ tha .h&&%’ X’M’ZM$!Z. ‘W%%XMLe .
In Maoh nti%er to O.~, at w~oh important oh~es in the
monmnts have ooourred$ leads to extensive supersonic flow
over the f’orwafihalf of the airfoil followed by wpll-
estab31sMd co?cpzwsslonshook. These oha~es in both tie
lift and llft distribt?tiononr the alrfoll lead to t~
effects on the peak moment ooeffioient shown in fig- 5(e).

The data for the thick alrfotl.s(figs. 5(a), 5(0),
and 5(e)) Indioate tt~t the orZtloal Maoh number oau be
exceeded b~ an appreciable mr@n before important ohanges

.. oomr in the variatlon of mmmt coeffioient with Mmh
number. This ef’feokis believed to be a result of the
100al chamcter of the supersonic field, which exists
only In the hnedlate vlolnity of the airfoil and extends
over cnly a small ohordwf.seportion of tho airfoil. The
same phenomenon Is exhl.bltedfor tho thinner airfoil .
(fig. ?(a)) but the VS1U9 of critical Maoh number is
higher, as discussed undar liSubcritloalregion.11

In the negative stall region, ohanges of the order
of 0.05 have takan place Zn the rariation of moment coef-
fioiont with Mach number but th~ae ohanges, except for the
NACA 16-715 ai~ibil, have rot been abr~t, The absence
of abrupt cha~es is also Indicated by tlm datn of’
figure 7, which show that there are no deoided changes
In shape of the pressure-dlstrtbution diagrams within
the Mach number rango investigated Calculation of the
oritioel speed from theoretical pressure distribution
would indioate tb.atserious c.~qresslon shock and
therefore Important flow ohanges tight be expected at
the Idghest speeds for which data aru shown. Aotually,
separctlon phenomna probably occur which effectively
delay the onset of compression shock. At speeds M.@er
than the range of this Invsstlgation, abrupt olmnges
might be expected.

The compressibility phenomena just discussed are
believed to be common, at least qualittitively,to all
adrfoils In current use booause in tho stall region all
airfnils exhibit a charaoteristlo press~e peak near the
leading edgo and, hence, qualitatively have the same type
of flow pattern. The present results indicate the effects
of oo~resslbiltty on these typos of flow pattem~

~-~ mmmmmmln
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‘ Effects “of Thickness on Peak ‘MomentCoeffiolent

.. .. .. ..- ,- The variatlpn of peak moment poeffiolent wtth
‘ t~okness is shown tn figure 8 for-the lWXCAZ6-20g ~..

z
.ad 16-21 airfoils. 5e results for the airfoil~.
cambered o give llft ooef’fioientsOr 0.5 ami 0.7 at an
angle .of attack of Oo show the sanE type of vadlation
:and.:differ~only in magnitude from the resuits presented
in .flgure8. The Qnes oonneoting the plotted points do
not neoessarily represant the varlatIon between the
- points but serve in this cqse only to ldentf~ points at
oorrespending valuas of W.oh number.,. . These rOSults show
that an Inorease in tlrldmess gives a numerical .iiiorease
in the moment In both tho positive and negative stall
reglonss .

Another effect of increasing thlckn6ss Is to accentuate
the compressibility eff’octson the moment coef’flcient.
This result is due to the graatest superstream velocities
associat~d w4.th “gr~aterthickness~ as noted In the
follcwing discussion (fig. 7). This effeot Is illustrated
by the different rates of change with thl.ckmss of the
moment ooefflcients at low a- high values of Wch number
(fig. 8).

The changes In pressure distribution over the leadlng
edge in tk.ereglona of stall ~i~~ the underlying tames
for the increases of peal:momont coeffiolent with thickness.
These ohnnges are illustrated In fi~ure 7. !l!hooretioal
considerations Indloate a oharactorlstlo region of very
high superstream velocities over tho loading edge. The
pressure distributions for tho NACA 16-509 airfoil show
a large ~duotion in the pressure peak over the leading
edge as the angle Is changed from -Iioto -6° - indicate
separation, It should be noted that this separation
corresponds to the point at wlu?chthe peak value of
moment ooeffloient is attained. For the NACA 16-51
airfoil, however, suoh flow oha 2
beyond an angle of attaok of

~es do not occur un il
-10 , so that hl@er momnts

occur owing to loading differences as a consequence of
differences in the angle of attfiokof the two airfoils.
The earlier reduction of the superstream velocities shown
for the thinner sections is asoribed to their relatively..

. . shargmr laadlng edges, as dlsoussed under.‘Suboritioal
region. n The ohangos noted here offeot .ohangesin the
lift W moment of the airfoil. The pressure distrlbtiions
presented in figure 7 were taken in the negattve stall
region; however, the same fundanmntal ohanges ocour In
the positive stall re@.on.
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Effects of Camber:onPeak ?&m3nt Coeffloient

The effects of inoreqsed oamber on the peak moment
coefficient (fig. 9) are, in the region of positive stall
and for the range of Mach number tested, of the sam
magnitude as the effects asso.elatedwith Increased
thic~ess (ftg. 8). The variation of the moment coef-
ficient about the quarter-chord axis with camber is,
however, in the opposite direotion from the variation
with thickness. This result is asoribed to the change
In distribution of the pressure load over the whole
airfoil effected by oambere whereas the changes effected
by thickness varlation are principally changes in the
loading over the forward portion of the airfoil due to
ohange of nose radius (figs. 7 ati 10)0

The effects oflcmnbor variations on the moment coef-
ficient in the negative stall region are smaller than those
due to thickness variation, and the variation of the
moment coefficient taken about the center-of-gravity axis
is in the opposit9 direotion, The variation of peak
moment coefficient.with camber appears to be little
affeoted by increase of Maoh numb~r
Investigated.

CONCLIJSTONS

within the range

From an investigation of the conpresslbility effeots
on the peak sootion pitching-moment coefficients of
six NAcA 16-series airfoils, the following conclusions
have been made:

1. The peak pi.tching-momnt coefficients, whioh
were encountered In the regions of positive ati negative
stall, underwent Important changes due to conqressibi.lity
effects, In several instances, variations of pitohing-
momoat coefficient of 0.C)25to 0.10 were encountered for
the thicker and moro highly cambered airfoils tested.

2. Crittcal speeds as low as a Maohnuniber of 0.30
were enoountieredand marked chengos of peak pitching-
momenticoefficient occurred at Maoh numbers as low as 0.530

3, Extrapolation of low-speed data accordhg to the

/7Glauort-Ackeret relation 1 ~ gave valid or con-
servative estimates of the variation with Mach number
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in the suborltlml region. Bmause of the low orltloal
speeds associated with operation In the stall reglon$

-, .,,...,.h~eve~,.WS mgth~- is ..limi.ted,in 8Ppl19at~Zl: ..

4. Increasing the thickness and oamber of an atrfoll
in oompresslble flow accentuated the oo~resslbillty
effeots on the aerodynsdo pitching moment, An Incmease
in th6 value of the pitching-moment coefflolent was found
to ooour with an Inorease In thlolmess.

Langley Memorial Aeronautioal Laborato~
National Advisory Comnittee for Aeronautlos

Langley Field, Va.
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